Accessory sex gland (ASG) in Eriocheir sinensis is the important component of the male reproductive system; its function is still unknown. Here we report that ASG protein can digest the spermatophore wall effectively. By optimizing the incubation temperatures, durations, and secreted protein concentrations using the L 30 (5 2 ) orthogonal method, we find the protein concentration was the important factor affecting spermatophore wall digestion. In order to find out the digestion effect and spermatozoa quality, we observed the acrosin activity and survival rate of free spermatozoa obtained by different methods. We found that the survival rate of ASG protein digestion is the highest (98.06%), and its acrosin activity of free spermatozoa was significantly higher (4.290 6 0.095 mIU/10 6 ) than those obtained by traditional trypsinase digestion (2.446 6 0.251 mIU/10 6 ) or mechanical homogenate (1.423 6 0.109 mIU/10 6 ) methods, but it was still significantly lower than those obtained from the spermatheca of mated females (21.729 6 0.138 mIU/10 6 ). Thus, there must be some cooperation between the ASG and other related fertilization organs to improve the acrosin activity of free spermatozoa in vivo. Hence, we colleted the spermatozoa isolated from spermatophores using the trypsinase method and incubated with homogenates from seminal vesicle, accessory sex gland, and spermatheca alone or in combination. We observed that acrosin activity was greatest in samples incubated with an equal mixture of spermatheca and accessory sex gland protein homogenates. We conclude that the accessory sex gland can effectively digest the spermatophore wall to release free spermatozoa and interact with proteins from spermatheca to increase acrosomal enzyme activity of free spermatozoa.
INTRODUCTION
The spermatozoa of most decapods reside in the male seminal vesicle in the form of spermatophores. In Brachyura, spermatophores are delivered into the spermatheca of the female during mating and gradually are broken down to release free sperm into the spermatheca and, ultimately, facilitating spermatozoa and egg fusion to complete fertilization. Several studies have confirmed that the spermatophore wall is typically comprised of 1-3 layers of acid mucopolysaccharide protein, chitinase, phenolic compounds, and other material compositions (Spalding, 1942; Uma and Subramonian, 1979; Brunet, 1980) . Early studies suggest that mechanical stress and water absorption may be the primary inducers of Brachyura spermatophore rupture (Hamon, 1937; Spalding, 1942; Hamon and Mouchet, 1961; Hinsch, 1988) . Later studies extended these findings by identifying low-molecular-weight material in female secretions that may contain yet unknown factors that function in the breakdown of the spermatophore wall (Anilkumar and Adiyodi, 1977; Dudenhausen and Talbot, 1983; Diesel, 1989) .
The mechanism of spermatophore breakdown remains unclear in decapods. Spermatophore rupture and the subsequent release of free spermatozoa are prerequisites for both natural and artificial fertilization, so how does one obtain high quality free spermatozoa is the key to further research? Until now, two artificial methods were reported, mechanical homogenization and enzymatic digestion, (Leung-Trujillo and Lawrence, 1985; Lezcano et al., 2004) , but these two methods often induce cellular damage and affect analytical results. Thus, further studies on spermatophore breakdown mechanisms in decapod would not only advance crustacean spermatozoa laboratory research, but also promote the study of crustacean reproductive biology.
The ASG is known to have significance in mammals (Henault et al., 1995) , and its secretions contain a variety of bioactive molecules. These molecules exert wide-ranging effects on female reproductive activity, and they improve the male's chances of siring a significant proportion of the female's offspring (Gillott, 2003) . A portion of the ASG proteins work as nutritional contributions for newly developed spermatozoa, and other yet unidentified factors are capable of inducing a cascade of spermatozoa membrane alterations (Polakoski and Kopta, 1982) and exert influence on spermatozoa vitality (Sostaric et al., 2008) , physiological state (Ying et al., 1998) , motility and capacitation (Setchell et al., 1994; Elzanaty et al., 2002) , as well as fertilization capacity (Henault et al., 1995; Ying et al., 1998) . Eriocheir sinensis (Milne Edwards, 1853) is an economically important aquaculture species in China. Research on male reproductive biology of this crab mainly focuses on the spermatogenesis, spermatophore formation, spermatozoa ultrastructure, spermatozoa metabolism, and testicular EST sequence analysis (Du et al., 1987; Du et al., 1988; Wang et al., 2000) . However, research on the ASG has gotten less attention. The mitten crab has a welldeveloped ASG in post-sexual maturity at the junction of the ejaculatory duct and seminal vesicles. Why this organ JOURNAL OF CRUSTACEAN BIOLOGY, 30(3): 435-440, 2010 develops so rapidly in the peak development stage, and whether it has similar important function in fertilization in mammals need to be answered. A series of works, such as establishing an SSH library of the ASG, identifying ASG protein by two-dimensional electrophoresis and mass spectrometry, and effectively improving the ASG protein digestion of the spermatophore wall have been carried out. In this paper, we test the effect of ASG proteins in spermatophore rupture and optimize the reaction conditions, including reaction temperature and protein concentration. We compared the different methods, ASG protein digestion,trypsinase digestion, and mechanical homogenate, by noting survival rate and acrosomal enzyme activity. Considering that other reproductive organs may be involved in the process, the efficiency of homogenates from several reproductive tissues in digestion of the spermatophore and effect of sperm acrosome enzyme activity were also analyzed.
MATERIALS AND METHODS

Experimental Animals
Twenty healthy sexual mature female and male crabs of E. sinensis were purchased from the Changfeng market in Shanghai, China in December 2008. Crabs were dissected on ice, and the seminal vesicle, accessory sex gland, spermatheca, and other relevant organs were immediately removed. Tissues were processed for analysis immediately. All chemicals were purchased from Sigma (USA) unless otherwise specified, including benzamidine, ficoll400, hepes, dimethyl sulfoxide (DMSO), trypsinase, Triton X-100, Na-Benzoyl-DL-Arginine-b-Nitroanilide (BAP-NA), and eosin.
Ultrastructure of Accessory Sex Gland Contents
Transmission Electron Microscopy (TEM).-A single accessory sex gland was immersed in 2.5% glutaraldehyde and 4% paraformaldehyde, and fixed at 4uC overnight, post-fixed in 1% osmium tetroxide for 2 h, dehydrated through a gradient of alcohols followed by acetone, and embedded in Epon812. Ultrathin slices were obtained with a Reichert-Jung ultra-thin slicer, double stained with uranyl acetate and lead citrate, and observed using a Hitachi H800 model transmission electron microscope for image capture.
Scanning Electron Microscopy (SEM).-A whole accessory sex gland was pre-fixed for 5 seconds in 2.5% glutaraldehyde, and the contents was squeezed into the 2.5% glutaraldehyde fixative medium after its wall was slightly hardened. The contents were then double-fixed in 1% osmium tetroxide, dehydrated through a series of alcohol and a gradient of acetone, dried with a HCP-2 critical point dryer, and sprayed gold with EIKO IB-3 ion sputtering sprayer. The contents were then photographed with a JXA-840 scanning electron microscope.
Spermatophore Digestion: Orthogonal Tests under Varying Temperatures and Accessory Sex Gland Protein Concentrations
In order to find the better combination of protein concentration/ temperature to digest the spermatophore, we did the following experiments. Spermatophores were removed from male crab seminal vesicles, put into 100 mL of Ca
.6 mmol/L boric acid, 4.8 mmol/L NaOH, 41 mmol/L MgSO4, pH7.4), and mixed by concussion. One milliliter of the middle aqueous layer was then transferred to a pre-weighed centrifuge tube, and centrifuged at 400 rpm for 10 min. The spermatophores were precipitated and weighted. ASG protein homogenate with different concentrations (15.40, 7.70, 3.85, 1.93, 0.96, 0 .48 mg/mL) were prepared by a gradient dilution method with Ca 2+ -FASW and its concentration determined by Folin-phenol method (Lowry et al., 1951) . Five-times that volume of ASG protein was added to each spermatophore sample to test the digestion efficiency under different temperatures (18uC, 23uC, 27uC, 32uC, and 37uC). The time required for complete spermatophore dissolution at each temperature was recorded. The L 30 ( 5 2 ) orthogonal method served as the experimental design, with incubation temperature (A) and accessory sex gland protein concentration (B) serving as two factors; each experiment was performed in triplicate. A total of 30 tests were performed [30 is the number of tests, 5 is the level number of factors, 2 is the number of factors].
Sperm Isolation Methods
Trypsinase Digestion Method.-Spermatophores (100 mg) were digested in 0.2% trypsinase solution (5-6 times spermatophore volume) at 37uC for 5 min. One milliliter 15% new bovine serum was added to terminate the reaction (Ca 2+ -FASW preparation), followed by centrifugation for 10 min at 400 rpm. The supernatant was isolated and centrifuged for 10 min at 3000 rpm. The precipitate was then washed three times with Ca 2+ -FASW, and concussion mixed after the addition of 2 mL Ca 2+ -FASW (Ma et al., 2006) . Mechanical Homogenate Method.-Spermatophores (100 mg) were suspended in 1 mL Ca 2+ -FASW, and manually homogenated on ice for 1.5 min until all spermatophores ruptured. We transferred the homogenate solution into centrifuge tubes. The subsequent treatment process was the same as the trypsinase digestion method above.
Accessory Sex Gland Protein Digestion Method.-Spermatophores (100 mg) were incubated with 15.4 mg/mL accessory sex gland protein solution (5-6 times spermatophore volume) at 32uC for approximately 7 min until the rupture of all spermatophores. Ruptured spermatophores were then processed as described above.
Spermatozoa Survival Rate and Acrosomal Enzyme Activity
One milliliter of free spermatozoa suspension extracted from spermatophores as described by the methods above was added to an 0.25% eosin solution and incubated for 10 min. Sperm were identified as live by vital dye, and the death rate was calculated (Ma et al., 2006) . Free spermatozoa suspensions extracted from spermatophores as described by the methods above were adjusted to a similar density (4-5 3 10 6 /mL), and the acrosomal enzyme activity was determined (Kennedy et al., 1989) . First, the 500mL Ficoll (0.11 M Ficoll in 0.12 M NaCl, 0.025 M Hepes, pH 7.6, Sigma, USA) was added to all density adjusted sperm samples (200 mL), then centrifuged at 3000 rpm for 20 min at room temperature. The upper portion of the suspension (approximately 100 mL) was retained. Controls consisted of 100 mL 500 mM benzamidine (Sigma, USA) in DI water. One milliliter of the substrate and decontamination buffer mixture solution (23 mM BAPNA in 1.1g/mL DMSO, 0.01% Triton X-100 in 0.055 M Hepes, 0.055 M NaCl, pH 8.0, Sigma, USA) was then added to all samples, mixed, and incubated for 3 h in a 24uC water bath, with concussion and mixing every hour. Experimental samples then received 100 mL 500 mM benzamidine in DI water. All samples were then centrifuged at 2000 rpm for 15 min, and 100 mL of the supernatant was collected on a micro-glass color plate for analysis on a UV-7504 UV-Vis spectrophotometer (Hitachi) at a 410 nm wavelength. The substrate and decontamination buffer mixture solution served as a blank. Enzyme activity was represented in IU, with 1 IU defined as the level of acrosomal activity capable of hydrolyzing 1.0 mmol BAPNA per minute at 25uC. Acrosomal activity was calculated in samples by the following: Spermatozoa isolated from spermatophores using the trypsinase digestion method were divided into 5 experimental groups, and each group being performed in triplicate. The first three groups received a single homogenate of identical volume and total protein concentration isolated from one of three tissues, the spermatheca, seminal vesicle wall, or accessory sex gland. The fourth group received equivalent volumes of accessory sex gland and spermatheca homogenates, and the fifth group served as a negative control containing an equivalent volume of Ca 2+ -FASW. The female crabs that had mated 10 h ago were dissected on ice and the collected spermaitozoa served as a positive control. Each sample was incubated at room temperature for 30 min, and normalized in sperm density to the positive control before sperm acrosome enzyme activity was determined. Statistical analysis was determined using SPSS software, and significance was set at P , 0.05. Data are expressed as mean (x) 6 standard deviation (s). The t test was adopted for inter-group mean comparison.
RESULTS
Ultrastructure of Accessory Sex Gland Contents
Two sizes of accessory sex gland vesicles, small and large, were observed in both transmission and scanning electron micrographs (Fig. 1) . Small vesicles were more predominate in all samples. While both sizes of vesicles displayed similar electron densities, the small vesicles have substantially greater density of the connective matrix than large vesicles.
Effects of Temperature and Accessory Sex Gland Protein Concentration on Spermatophore Digestion
In accordance with the orthogonal test method, a total of 30 experimental conditions were compared with regard to the time required for complete spermatophore digestion (Table 1). Experimental group 19 (A 4 B 1 ) required the least amount of time for spermatophore digestion (7 min), while group 12 required the longest period of time (116.1 min). Interestingly, when temperature remained constant, the time required for spermatophore digestion was inversely proportional to accessory sex gland concentration, increasing from 7 min at 15.40 mg/mL to 73.5 min at 0.48 mg/mL at 32uC. However, temperature-dependent effects were less robust at a constant accessory sex gland protein concentration.
Results of orthogonal analysis support these observations ( Table 2) . As temperature increased, the time required for complete spermatophore digestion displayed a parabolic trend, beginning at the maximum duration, declining to the minimum and subsequently increasing, with the most rapid spermatophore digestion observed at 32uC (A 4 ). Moreover, an increase in accessory sex gland protein concentration resulted in a longer amount of time required for spermatophore digestion. Thus, independent analysis suggests a combined treatment of A 4 B 1 as the most advantageous one, which was confirmed experimentally in treatment group 19 (A 4 B 1 ). Furthermore, comparing to temperature (factor A), the larger R-value for the protein concentration (factor B) confirmed that protein concentration is a more influential parameter.
Effect of Isolation Method on Sperm Mortality and Acrosomal Enzyme Activity
Spermatozoa mortality and acrosome enzyme activity were assessed in samples obtained using three different isolation methods (Table 3 ) and differed significantly among isolation methods, with greatest mortality observed with the homogenization method (22.3%), followed by enzyme digestion (7.36%), and the lowest in spermatozoa isolated after accessory sex gland protein exposure (1.94%) (P , 0.05). Results are in agreement with previously reported data (Ma et al., 2006) . Similarly, acrosomal enzyme activity was significantly lowest with the homogenization method (1.423 mIU/10 6 ) and greatest with the method after accessory sex gland protein exposure (4.290 mIU/10 6 ) (P , 0.05).
Effects of Reproductive Tissue Homogenates on Acrosome
Enzyme Activity
Free spermatozoa isolated by trypsinase digestion were exposed to different reproductive tissue homogenates, and the acrosomal enzyme activity was measured (Table 4) . As predicted, the lowest enzyme activity was observed in the negative control. Enzyme activity after seminal vesicle homogenate treatment was also low and showed no significant difference from the negative control. While treatment with spermatheca homogenate and accessory sex gland homogenate remarkably and significantly increased enzyme activity compared to the negative control (P , 0.05), there is no difference from one another. Further, combined treatment of spermatheca and accessory sex gland homogenates resulted in an additive effect on enzyme activity, although enzyme activity was still lower than observed in spermatozoa collected from recently mated females.
DISCUSSION
Our studies have found the accessory sex gland proteins function in digesting the spermatophore wall. For determining the best spermatophore digestion condition, we employed the orthogonal test with varying temperatures and accessory sex gland protein concentrations in this study. With the spermatozoa mortality and acrosomal enzyme activity as indicators, we compared three methods to obtain free spermatozoa. We compared impacts of different tissue homogenates on acrosin activity to confirm that the accessory sex gland might increase sperm acrosomal enzyme activity. All these studies proved helpful to understand the role of accessory sex gland during the E. sinensis reproduction. Based on a two factor orthogonal test, we determined that both temperature and protein concentration had significant effects on the rate of spermatophore digestion, although accessory sex gland protein concentration yielded more robust effects. We identified incubation with 15.4 mg/ mL accessory sex gland protein at 32uC for 7 min as the prime conditions for rapid and complete spermatophore digestion. Furthermore, the accessory sex gland protein method of spermatophore digestion yielded free spermatozoa with low mortality and high acrosin enzyme activity compared to the traditional methods of trypsinase digestion and mechanical homogenization. Data demonstrated that the accessory sex gland homogenate contained endogenous unidentified substance, we hypothesize some proteins may be capable of digesting the spermatophore wall. Spermatozoa released via this process retained high viability and function, thus we hypothesize fertilization would proceed effectively. Results reported here further elucidate prospective components of the mechanistic pathways to rupture the walls of the spermatophore in E. sinensis, although the proteins displaying this activity yet remain to be isolated, characterized, and identified.
The accessory sex gland, an important component of the male reproductive system, opens at the junction of the seminal vesicle and ejaculatory duct. Secretions of the accessory sex gland, along with spermatophores from the seminal vesicle and spermatic fluid, enters into the female spermatheca through the ejaculatory duct during mating. Within the spermatheca, the spermatophores are gradually broken down and free spermatozoa are released, facilitating sperm and oöcyte interaction and leading to fertilization. There are always a large number of whole spermatophores (squeezed into the gland lumen from the seminal vesicle) within the base lumen of the accessory sex gland near the seminal vesicle, while our prior observations in mated females indicate spermatophore rupture occurs slowly over several hours, results reported here illustrate that the spermatophore wall is completely digested in a matter of minutes although rapidity is dependent on protein concentration. We speculate that the small and big vesicles observed in transmission and scanning electron micrographs may contain the enzymatic proteins or other activation factors required for spermatophore rupture, which were immediately released during homogenate isolation and processing. We hypothesize that in a natural mating context environmental parameters, such as pH or spermatheca-produced factors, may induce the slow release of the vesicle contained proteins or factors. Although further study is required to explore these hypotheses, it is important to note that free sperm are crucial for fertilization, and as a rule, female E. sinensis ovulate in 24 h after mating; thus, premature sperm capacitation would directly and adversely affect fertilization success rates. The acrosin enzyme, which is a trypsin-like protease, is essential for fertilization, dissolving the zona pellucida and permitting sperm penetration of the egg (Shi and Roldan, 1995; Gonzalez-Martinez et al., 2002; Meizel, 1997) , but it can be found in the sperm head in an inactive form in vivo. Thus, the level of acrosin enzyme activity may have a direct impact on successful fertilization (Howes and Jones, 2002) . Sperm acrosome reaction defects are key examples of sperm dysfunction (Tarlatzis et al., 1995) , and both in vivo and in vitro experiments show that fertilization is prevented if the acrosome enzyme is inhibited (Bhattacharyya and Zaneveld, 1982) . Conversely, the level of the enzyme activity is positively correlated with sperm quality, and directly impacts the outcome of fertilization (Gao et al., 1995; Wang et al., 1999; Gao et al., 2003) . Therefore, sperm acrosin enzyme activity has become an important indicator and evaluation tool of semen quality (Cui et al., 2000) , and as such is one of the more sensitive markers of unexplained clinical male infertility (Jiang et al., 2007) . In the present study, trypsinase digested free sperm treated separately with spermatheca or ASG homogenate significantly improved sperm acrosomal enzyme activity. The results observed on samples treated with a combination of both homogenates resulted in an additive increase in sperm acrosomal enzyme activity imply that secretions from the accessory sex gland and spermatheca in combination can effectively activate the acrosin zymogen and greatly activate the acrosin enzyme, thereby enhancing spermegg fusion and the fertilization rate. More importantly, the level of sperm acrosomal enzyme activity in samples collected from the spermatheca of recently mated females (for 10 h) was significantly greater, further confirming the above-mentioned observation.
In conclusion, we find that the contents of the accessory sex gland are the main factors causing spermatophore natural breakdown, and the mixture of spermatheca and ASG protein homogenates could increase the sperm enzyme acrosin vitality. The best condition for spermatophore digestion is incubated with 15.4 mg/mL ASG protein at 32uC for 7 min. This result provides a convenient, reliable method for obtaining free sperm, which could ensure the more effective sperm physiological and functional studies of this species of crab, but the specific proteins and its mechanism are unknown. Table 4 . Acrosin activity after treatment with different reproductive tissue homogenates before and after mating (x 6 s). 
